In rabbits which were initially conscious or lightly anaesthetized with pentobarbitone, ketamine respectively increased or did not change arterial pressure, whereas in mechanically ventilated animals there was prolonged depression of both pressure and preganglionic sympathetic activity. Although respiratory rate slowed during spontaneous ventilation, blood-gas changes were not responsible for these differences. Following bilateral division of the carotid sinus and aortic nerves, a depressor response to ketamine occurred during spontaneous respiration. When respiratory rate was slowed coincidentally with ketamine injection during mechanical ventilation, the circulatory responses were similar to those during spontaneous respiration; this did not occur after carotid and aortic denervation. These variations in the circulatory effects of ketamine, according to respiratory pattern and background anaesjiiesia, are discussed.
In rabbits which were initially conscious or lightly anaesthetized with pentobarbitone, ketamine respectively increased or did not change arterial pressure, whereas in mechanically ventilated animals there was prolonged depression of both pressure and preganglionic sympathetic activity. Although respiratory rate slowed during spontaneous ventilation, blood-gas changes were not responsible for these differences. Following bilateral division of the carotid sinus and aortic nerves, a depressor response to ketamine occurred during spontaneous respiration. When respiratory rate was slowed coincidentally with ketamine injection during mechanical ventilation, the circulatory responses were similar to those during spontaneous respiration; this did not occur after carotid and aortic denervation. These variations in the circulatory effects of ketamine, according to respiratory pattern and background anaesjiiesia, are discussed.
In a recent study (McGrath, MacKenzie and Millar, 1975) in rabbits given pentobarbitone and gallamine and ventilated mechanically with 100% oxygen, ketamine was found consistently to decrease arterial pressure. This appears to contrast with the published findings of a pressor effect of the drug in animals and man.
In laboratory experiments, ketamine has been reported to cause pressor or depressor responses according to the species, experimental methods or dose employed (McCarthy et al., 1965; Virtue et al., 1967; Dowdy and Kaya, 1968; Chang, Chan and Ganendran, 1969; Traber and Wilson, 1969) .
Ketamine has been shown to cause respiratory depression in animals (McCarthy et al., 1965; Gassner et al., 1974; Wong and Jenkins, 1974) and man (Domino, Chodoff and Corssen, 1965; Virtue et al., 1967; Dillon, 1971; Savege et al., 1973) . The question arises, therefore, whether a pressor response to the drug is influenced by accompanying respiratory depression or by the type of pulmonary ventilation employed.
In the clinical studies referred to above, pressor effects appeared to occur when respiration was spontaneous, whereas during investigations employing mechanical ventilation no hypertensive responses were noted (Oyama, Matsumoto, and Kudo, 1970; Meer, Downing and Coleman, 1973; Johnston, Miller and Way, 1974) ; indeed the last group of authors described a hypotensive effect of ketamine in man.
Variations in "sympathetic tone" during ketamine anaesthesia, attributed by Zimmerman and Liao (1973) to species differences between the cat and dog, could also be accounted for by the use of mechanical ventilation in the latter species.
The present investigation attempts to determine whether a pressor response to ketamine is influenced by ventilation, or other respiratory factors, or by the presence of a background anaesthetic.
METHODS
Male New Zealand white rabbits, 2.9-3.5 kg, were studied. When pentobarbitone anaesthesia was employed, 30mg/kg was given initially via the marginal ear vein, followed by supplements of 4 mg/kg administered through a femoral vein carmula. A tracheal cannula was inserted soon after induction of anaesthesia, and arterial pressure was recorded from the femoral artery. Heart rate was obtained from the pressure recording using a Devices instantaneous ratemeter. In conscious animals, the central ear artery was used for pressure measurement.
The end-tidal carbon dioxide concentration was monitored with a Beckman LB-2 carbon dioxide analyser. For mechanical ventilation, a Harvard apparatus Model 613, with air or 100% oxygen, was used to maintain the end-tidal carbon dioxide concentration at approximately 4%. Heart rate, arterial pressure, electronically meaned arterial pressure and end-tidal carbon dioxide were displayed on a Devices MX-4 four-channel recorder. In animals given pentobarbitone, rectal temperature was maintained at 38.5 + 0.5 °C by means of a Palmer homoeothermic blanket. pH, Pco 2 and Po 2 of arterial samples were measured immediately after withdrawal, using an IL Model 213 blood-gas analyser.
Neuromuscular blockade was produced with gallamine, 1 mg/kg, given i.v. at intervals of approximately 40 min.
Several series of investigations were performed. Conscious rabbits were given a single injection of ketamine 5 mg/kg i.v. (an effective anaesthetic dose in this species). The experimental conditions were then altered, as indicated in the separate groups below, until finally the rabbits were anaesthetized with pentobarbitone, mechanically ventilated with 100% oxygen, paralysed with gallamine, and subjected to bilateral aortic depressor nerve section. The results from this series thus relate to the following experimental conditions:
Group I-Conscious, unanaesthetized rabbits, breathing room air Group II-Light pentobarbitone anaesthesia, spontaneous respiration (air) Group III-Pentobarbitone' anaesthesia, mechanical ventilation (air) Group IV-Pentobarbitone anaesthesia, mechanical ventilation (air), gallamine injection Group V-Pentobarbitone anaesthesia, mechanical ventilation (100% oxygen), gallamine injection Group VI-Pentobarbitone anaesthesia, mechanical ventilation (100% oxygen), gallamine injection, depressor nerves divided. The effects on the response to ketamine of bilateral division of the aortic depressor or carotid sinus nerves, or both, were investigated in animals anaesthetized with pentobarbitone. Before giving ketamine, fine silk thread was looped round both carotid sinus nerves so that control responses could be obtained before baroreceptor/chemoreceptor denervation.
In mechanically ventilated rabbits under background pentobarbitone anaesthesia and given gallamine, the arterial Pco 2 was increased by administering 5% carbon dioxide in oxygen, control responses having been obtained using a gas mixture of 95% oxygen and 5% nitrogen. Also, in four animals, the rate of mechanical ventilation was reduced by 50% in an attempt to mimic the respiratory depressant action of ketamine, the stroke volume being held constant.
In other rabbits anaesthetized with pentobarbitone, preganglionic sympathetic activity was recorded both while the animals were breathing spontaneously and after they had been given gallamine and were being ventilated mechanically. Multifibre strands were dissected from the cut central end of the left cervical sympathetic nerve. The nerve impulses, recorded with bipolar platinum electrodes, were amplified by a Tektronix Type 122 low-level preamplifier and displayed on a Tektronix Type D12 oscilloscope, whence they were carried to a pulse height selector and a Panax ratemeter for counting of the integrated discharge rate. This was displayed on the Devices recorder, using a time constant of 1-3 sec. In all experiments involving sympathetic recording, 2 jj.g of adrenaline was given i.v. to establish that the multifibre preparation was under baroreceptor control; studies were undertaken only if nerve activity was reduced by the resulting increase in arterial pressure.
Results were analysed using Student's t test. The drugs used were: adrenaline acid tartrate (Macarthys), gallamine triethiodide (Flaxedil, May & Baker), pentobarbitone sodium (Nembutal, Abbott) and ketamine hydrochloride (Ketalar, Parke-Davis).
RESULTS

Group I.
In the conscious rabbit, ketamine 5 mg/kg produced an initial transient decrease, followed by a small increase, in mean arterial pressure. Heart rate was increased. The data are shown in tables I and II. Respiratory rate was slowed by 59% (SEM ± 5) at 2 min after injection, but there was no significant change in arterial Pco 2 , Po 2 or pH (table III) . The effects of a larger dose of ketamine (10 mg/kg) are illustrated in figure 1 .
Group II. In the presence of light background anaesthesia with pentobarbitone, ketamine 5 mg/kg did not change mean arterial pressure significantly at 2 min (table I). The transient reduction in pressure following the injection was similar to that in conscious rabbits ( fig. 1 ). There was a smaller increase in heart rate than in the conscious animal (table II) . Respiratory rate was reduced by 29 ± 5%. There was a small increase in Pa co and a decrease in Pa Oj (table III) .
Group III. The effects of ketamine differed when given to rabbits with a background of pentobarbitone anaesthesia and mechanical ventilation ( fig. 1 ). Mean arterial pressure was markedly depressed (table I), while heart rate showed a more variable reduction Group IV. In the presence of gallamine, the effects (table II) . The blood-gas data (table III) show that of ketamine were similar to those described in Pa COj was reduced and Pa Oi , although increased, was Group III above (tables I, II and III). Mean arterial subject to great variation. pressure was reduced, and heart rate was decreased variably. The blood-gas changes show mainly a reduction in Pa COi (table III) . Group V. When rabbits which were given gallamine were ventilated with 100% oxygen, the effects of ketamine were similar to those obtained using air, with or without gallamine. The mean arterial pressure was reduced (table I), heart rate was not significantly affected (table II) , and Pa COii decreased (table III) .
Group VI. After the aortic depressor nerves had been divided bilaterally in the presence of pentobarbitone, gallamine and mechanical ventilation with 100% oxygen, the effects of ketamine were similar to the above groups (III, IV and V) in which mechanical ventilation was employed. The mean arterial pressure was reduced (table I) and heart rate was reduced variably (table II) .
Within each of the above groups the effects of ketamine were reproducible, and variations were not the result of tachyphylaxis.
Aortic depressor and carotid sinus denervation
The effects of ketamine in the spontaneously breathing rabbit, subsequent to baroreceptor/chemoreceptor denervation, were similar to those observed during mechanical ventilation in intact animals. Thus, mean arterial pressure was depressed, and remained so for 15-30 min, in contrast to the pattern in intact spontaneously breathing rabbits where control values were re-established after less than 2 min ( fig. 2) . Section of the depressor nerves alone was associated with a response to ketamine which was intermediate between that with all baroreceptors intact and that after additional carotid sinus denervation ( fig. 3) . 
Effect of increasing Pa COj on the circulatory responses to ketamine during mechanical ventilation
When three rabbits were ventilated mechanically for 2 min with 5% carbon dioxide in oxygen, Pa co was increased by 13.4 ± 4.0 mm Hg and mean arterial pressure by 10 ± 3.0 mm Hg. When ketamine 5 mg/kg was given simultaneously with 5% carbon dioxide, 2 min later Pa C0] was increased by 18.4+ 5.5 mm Hg, but mean arterial pressure was decreased by 29 + 3 mm Hg (fig. 4) . Despite the increase in Pa co , therefore, the changes following ketamine were similar to those found in the mechanically ventilated animals without an increase in Pa co (groups III-VI, table I). C0] on the arterial pressure response to ketamine 5 mg/kg, i.v. in three rabbits anaesthetized with pentobarbitone. The histograms show the changes from control values of pressure (MAP) and Pac Ol , 2 min after ketamine. Stippled columns: rabbits respiring spontaneously. Open columns: following gallamine during mechanical ventilation. Striped columns: gallamine, mechanical ventilation, 5% carbon dioxide added to the inspired gas simultaneously with the administration of ketamine. I-bars indicate SEM.
FIG. 4. Effect of increasing Pa
Effect of altered respiratory rate on the response to ketamine
When the respiratory rate was reduced by 50%, while maintaining stroke volume constant, in mechanically ventilated rabbits anaesthetized with pentobarbitone and given gallamine, mean arterial pressure was increased after 2 min by 20 ± 4.6 mm Hg (P<0.01). In the same animals, when ketamine was administered simultaneously with the reduction of respiratory rate, after 2 min the mean arterial pressure was not significantly different from the pre-ketamine value ( + 3.1 ±9.2 mm Hg). Administration of ketamine to these rabbits without alteration of the respiratory rate resulted in a reduction in arterial pressure at 2min of 18±6.1mm Hg (P<0.01). This suggests that the depression of arterial pressure which ketamine itself produces during mechanical ventilation can be prevented by changing artificially the pattern of respiration, in a manner analogous to that produced by ketamine in spontaneously breathing animals.
In the same group of animals, after the aortic depressor and carotid sinus nerves had been divided bilaterally, reducing respiratory rate by 50% for 2 min produced a smaller increase in arterial pressure (5.5 +1.5 mm Hg; P< 0.05). Under the same circumstances, this reduction in respiratory rate simultaneous with the administration of ketamine made no difference to the depressor response produced by the drug (fig. 5 ). Baroreceptor denervation per se had increased the mean arterial pressure to 129 ±8.7 mm Hg, and ketamine produced a depressor response which was proportionately larger than before denervation, but the value to which the pressure decreased was similar (fig-5) . 
Relationship of preganglionic cervical sympathetic activity to changes in arterial pressure
A comparison was made of the effects of ketamine on sympathetic discharge in spontaneously breathing and mechanically ventilated rabbits. In the spontaneously breathing animal, sympathetic activity decreased transiently following the injection of ketamine, then recovered to the control values within 2 min. During mechanical ventilation, sympathetic activity and arterial pressure were depressed in parallel ( fig. 6 ). 
DISCUSSION
These studies have demonstrated variability in the circulatory responses to ketamine, in an animal species, related apparently to whether respiration is spontaneous or controlled, and to the presence of background anaesthesia with pentobarbitone. The main findings are summarized thus: in conscious rabbits ketamine caused a transient reduction in arterial pressure followed within 2 min by a secondary increase; when the animals were anaesthetized with pentobarbitone and allowed to breathe spontaneously, the secondary pressor phase was absent, the arterial pressure returning by 2 min to the control value; during mechanical ventilation and pentobarbitone anaesthesia, the response to ketamine was entirely depressor, reaching a maximum at 2 min and lasting for 15-30 min, this occurring in the presence or absence of gallamine, and when ventilation was with air or 100% oxygen. A second factor which was associated with a depressor response to ketamine, whatever the experimental conditions, was bilateral division of the carotid sinus and aortic nerves. These findings point to an interaction of circulatory and respiratory reflex mechanisms of some complexity. It should be emphasized that carotid and aortic denervation, by removing both baroreceptor and chemoreceptor input to the central nervous system, distorts normal circulatory and respiratory regulation; invariably it has been shown to change the normal responses of arterial pressure to those inhalation anaesthetic agents which increase sympathetic activity (Millar and Biscoe, 1965; Price et al., 1969; Skovsted and Price, 1970) . It is uncertain whether such effects are specific in all circumstances.
Baroreceptor desensitization by ketamine, suggested by Dowdy and Kaya (1968) , cannot be related easily to the present experiments, since a prolonged reduction in arterial pressure occurred during mechanical ventilation when the baroreceptor/chemoreceptor afferents were intact. Also, in order to exclude chemoreceptor discharge and to demonstrate unequivocal changes in the sensitivity of baroreceptor afferents, direct recording from single nerve fibres is required.
In the doses which produced the greatest changes in arterial pressure, ketamine also depressed respiration in rabbits breathing spontaneously, periods of apnoea of up to 10-20 sec being followed by a slowed respiratory rate. From this, two possible reflex mechanisms have been considered: systemic chemoreceptor stimulation secondary to an increase in Pa COa or to a reduction in Pa Oi , or more subtle changes resulting from an interaction of afferent baroreceptor activity and respiratory rate.
The magnitude of the change in blood-gases was small when ketamine 5-10 mg/kg was given to rabbits breathing spontaneously. Also, when Pa COa was increased by the addition of carbon dioxide to the inspired gas during mechanical ventilation, the cardiovascular depression induced by ketamine was not reversed. Thus, chemoreceptor stimulation does not appear to account for a reflex increase of arterial pressure during ketamine anaesthesia.
Total afferent baroreceptor input is modulated as a result of changes in arterial pressure, and its rhythmic oscillations, which are associated with variations in respiratory rate and intrathoracic pressure (Angell James, 1968; Angell James and Daly, 1970) . The implication of such modulations to the circulatory action of ketamine is hypothetical, and was tested crudely by reducing the respiratory rate in mechanically ventilated animals to mimic the slowing induced by ketamine, which is by about 50% over the first 2 min after injection. When carried out simultaneously with the administration of ketamine, however, this manoeuvre eliminated the depressor response to the drug, whereas after carotid sinus and aortic denervation it failed to reverse the reduction in arterial pressure. Thus, alteration of afferent baroreceptor input secondary to respiratory changes may be involved in the circulatory responses to ketamine. The absence of an inhibitory effect of ketamine on central baroreceptor pathways, other than those involved in control of heart rate (McGrath, MacKenzie and Millar, 1975) , permits this reasoning.
Such comparisons, based on changes in respiratory rate in spontaneously breathing and mechanically ventilated animals, are complicated by the widely differing intrathoracic pressures associated with the two patterns. Intermittent positive pressure ventilation in the rabbit can be associated with a lower mean arterial pressure, and with wider respiratory oscillations, than occur during spontaneous respiration. Such differences in arterial pressure between the two respiratory patterns were minimized in the present studies, by avoiding large stroke volumes and by maintaining relatively fast rates of mechanical ventilation; also, an artificial pneumothorax did not change the findings in one mechanically ventilated animal.
Another relevant factor could be a change in systemic vascular resistance resulting from alterations in lung volume through an afferent vagosympathetic reflex (Daly, Hazzledine and Ungar, 1967) . Also, an influence of afferent chemoreceptor activity, other than from changes in mean arterial gas tensions, is not excluded.
These findings show that the circulatory effects of ketamine differ in the spontaneously breathing and mechanically ventilated rabbit, and that this difference may be related to afferent baroreceptor or other reflexes regulating the cardiovascular system; overall, also, that the pressor effect of ketamine is based on subtler mechanisms than the generalized sympathetic stimulation shown by the inhalation anaesthetic agents cyclopropane and diethyl ether.
The results may help to explain the pressor response to ketamine which occurs in spontaneously respiring patients (Domino, Chodoff and Corssen, 1965; Virtue et al, 1967; Dillon, 1971; Savege et al., 1973) but apparently not during mechanical ventilation (Oyama, Matsumoto and Kudo, 1970; Meer, Downing and Coleman, 1973; Johnston, Miller and Way, 1974) . They suggest that the pattern of respiration must be characterized during circulatory studies of ketamine.
RESUME
Sur des lapins qui etaient a l'origine conscients ou legerement anesthesies a l'aide de pentobarbitone, la ketamine a dans l'un ou l'autre cas augmente, ou n'a pas modifie, la tension arterielle, alors que sur des animaux ventiles mecaniquement on a constate une depression prolongee de la tension et des activites sympatiques preganglionnaires. Bien que le rythme respiratoire ait ete plus lent pendant la ventilation spontanee, les variations des gaz contenus dans le sang n'ont pas ete la cause de ces differences. A la suite d'une division bilaterale des nerfs du sinus carotidien et des nerfs aortiques, il s'est produit une reponse depressive a la ketamine pendant la respiration spontanee. Lorsque le rythme respiratoire a ete ralenti coincidentalement avec une injection de ketamine pendant la ventilation mecanique, les reponses circulatoires ont ete similaires a celles produites pendant la respiration spontanee; cela ne s'est pas produit apres blocage des nerfs carotidiens et aortiques. Ces variations dans les effets circulatoires de la ketamine, suivant le mode respiratoire et Panesthesie auparavant recu, font l'objet de discussions dans cet article. 
SUMARIO
La quetamina aumento o no vario la presion arterial, respectivamente, en conejos que estaban inicialmente conscientes o ligeramente anestesiados con pentobarbitona, mientras que en animales ventilados mecanicamente se produjo una depresion prolongada de la presion y la actividad simpatica preganglionica. Aunque el ritmo respiratorio se retardo durante la ventilation espontanea, los cambios en el contenido de gas sanguineo no fueron los responsables de esas diferencias. Se produjo una respuesta depresora a la quetamina, durante la respiracion espontanea, siguiendo a la division bilateral del seno carotido y los nervios a6rticos. Cuando el ritmo respiratorio se retardo al mismo tiempo con una inyeccion de quetamina durante la ventilaci6n mecanica, las respuestas circulatorias fueron similares a las producidas durante la respiracion espontanea; esto no sucedio despues de la denervacion carotida y aortica. Se resenan esas variaciones en los efectos circulatorios de la quetamina, segiin el ritmo respiratorio y el antecedente anestesico.
